
1 

Light new physics with 
underground accelerators 

Maxim Pospelov 
University of Victoria/Perimeter Institute, Waterloo 

 
 

E. Izaguirre, G. Krnjaic, MP, work in progress 
S. Karshenboim, D. McKeen, MP, 2014 

 
 
 



2 

Outline of the talk  

 

1.  Introduction.  
2.  Results of the µH PSI experiment and why they are puzzling 

when compared to e-p data.  
4.  Current constraints on “dark forces for µH”. Problems with    

 every proposal.  
5.  Constraints on scalar e-p scattering force, and a possible 

search at underground accelerators 
5.  Conclusions 
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Main idea 
 
§  New physics with mass scale of several 100 keV and very weak 

couplings to electrons & nucleons can be a “blind spot” for 
various astro + cosmo constraints. Can be motivated by recent 
discrepancies e.g. “proton charge radius” 

§  When mass < few MeV (up to 20 MeV), the new states can be 
accessed via nuclear reactions. 

§  Underground facilities have unique possibilities for producing 
new states using low-energy proton accelerators, and detecting 
their decay/scattering with large & clean neutrino detectors 
(such as Borexino, SuperK, etc.) 

§  A large progress in covering the parameter space is possible 
with relatively modest investment. 	



 



“Stronger than weak” New Physics 
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           SM corner 

 

     

If you see new effects like e.g. µàeee, EDM etc it’ll be here (can be 
1000 TeV, difficult to access, and no pressing need for UV completion) 

If you see NP effects in muon-H LS, it has to exist at O(104 GF) level, 
deep inside the SM corner (e.g. Swiss cheese picture) You have to 
specify how this NP fits into SM. Real chance to check in other exp 
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Muons are misbehaving; have we tested them enough?  
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.

We are grateful to the technical staff of the collabo-
rating institutions, in particular of the host laboratory
PSI. We thank M. Barnes, G. Wait, and A. Gafarov for
the design and development of the kicker, the Demon
collaboration for providing neutron detectors, the AMS
team at the ETH Zürich for the deuterium measure-
ments, and A. Adamczak, N. Bondar, D.B. Chitwood,
P.T. Debevec, T. Ferguson, J. Govaerts, S. Kizilgul, M.
Levchenko, and C.S. Özben for their contributions. This
work was supported in part by the U.S. NSF, the U.S.
DOE and CRDF, PSI, the Russian Academy of Sciences
and the Grants of the President of the Russian Federa-
tion. NCSA provided essential computing resources.
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[22] H. Überall, Phys. Rev. 119, 365 (1960).
[23] H. Von Baeyer and D. Leiter, Phys. Rev. A19, 1371

(1979).
[24] S. Knaack, Ph.D. thesis, UIUC (2012).
[25] V. Bernard, T. R. Hemmert, and U.-G. Meissner, Nucl.

Phys. A686, 290 (2001).
[26] S. Ando, F. Myhrer, and K. Kubodera, Phys. Rev. C63,

015203 (2000).
[27] A. Czarnecki, W. J. Marciano, and A. Sirlin, Phys. Rev.

Lett. 99, 032003 (2007).
[28] D. D. Bakalov, M. P. Faifman, L. I. Ponomarev, and S. I.

Vinitsky, Nucl. Phys. A384, 302 (1982).
[29] L. E. Marcucci, A. Kievsky, S. Rosati, R. Schiavilla, and

M. Viviani, Phys. Rev. Lett. 108, 052502 (2012).
[30] D. Gazit, Nucl. Phys. A827, 408c (2009).
[31] P. Ackerbauer et al., Phys. Lett. B417, 224 (1998).

May be something happens with muonic “neutral” channels at low 
energy. We do not know – therefore it would be quite foolish not to 
explore additional possibilities of testing “NC-like” signatures in muons 
at low energy. 

Resolution of current puzzles (rp, g-2 etc) may come not necessarily from 
trying to re-measure same quantities again (also important), but from 
searches of new phenomena associated with muons. 
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Can result from  

New Physics at      IF it is NP, it can only be light 

100 GeV scale or MeV 

scale 
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Why should we care about rp problem? 
G-2 experiment “migrated” from BNL to Fermilab. Its cost can approach 

hundred M$ 
 
 
 
 
rp problem is a huge challenge: if by any chance the muon-proton 
interaction is “large”: either the two-photon strong interaction diagram or 
“light new physics”, then g-2 is not really calculable with required 
precision!  

         
 
 
 
Shift is much larger than hadronic LBL error! Larger than discrepancy… 
 

2

4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially affect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a difficult
challenge [12–14].

Further background information and discussion can be
found in the recent review [16].

The search for a resolution to the rp discrepancy is
important because it caries strong implications for the
precision of theoretical evaluation of the muon g − 2.
Suppose, for example, that either “unexpected” effects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

∆L � C(ψ̄µψµ)(ψ̄pψp), (1)

where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

∆(aµ) ∼ −C × αmµmp

8π3
×
�

1.7; Λhad ∼ mp

0.08; Λhad ∼ mπ
, (2)

which, after inputing the value of C implied by the rp
discrepancy results in

5× 10−9 <∼ |∆(aµ)| <∼ 10−7. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp

µ

µµ

µ

p

p

p

γ

γ

FIG. 1. Left:the effective proton-muon interaction resulting
from unexpectedly large QCD effects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g − 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g − 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g − 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

∆(aµ) ∼ −C × αmµmp

8π3
×
�

1.7; Λhad ∼ mp

0.08; Λhad ∼ mπ
, (2)

which, after inputing the value of C implied by the rp
discrepancy results in

5× 10−9 <∼ |∆(aµ)| <∼ 10−7. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp
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FIG. 1. Left:the effective proton-muon interaction resulting
from unexpectedly large QCD effects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g − 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g − 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g − 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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large proton-muon interaction term,
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where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,
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Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp
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problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g − 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g − 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. As we will show, the
presence of a parity-violating coupling to the muon is a
very likely consequence of such models, and in light of
that we calculate the two-loop constraint on the parity
violating muon-nucleon forces imposed by ultra-precise
tests of parity in the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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Muonic hydrogen and rp 

The experiment is very 
hard to make work [low 
counting rates, hard to 
find resonance]. But 
once resonance is found, 
even O(100) events will 
lead to robust rp measur.  

 

 

 

 

  

 

 



Current status	
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Results on muonic hydrogen
ν(2SF=1

1/2 → 2PF=2
3/2 ) = 49881.88(76)GHz R. Pohl et al., Nature 466, 213 (2010)

49881.35(64)GHz preliminary

ν(2SF=0
1/2 → 2PF=1

3/2 ) = 54611.16(1.04)GHz preliminary

Proton charge radius: rp = 0.84089 (26)exp (29)th = 0.84089 (39) fm (prel.)

µp theory: A. Antogini et al., arXiv :1208.2637 (atom-ph)

0.8 0.82 0.84 0.86 0.88 0.9

µp 2010
H spectr.

dispersion
e-p scatt.

Mainz 2010

µp 2012
CODATA 2010

proton rms charge radius rp  (fm)
Randolf Pohl ECT* Trento, 28.10.2012 p. 15Importantly, Zeemach radius extracted from 2 lines is perfectly consistent with 

previous (normal hydrogen) determinations 
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rp from Normal Hydrogen 

Red line – muonic hydrogen result 
Blue band – fitted value of rp from precision spectroscopy of normal hydrogen.  
It is a serious 5σ discrepancy (but only when one takes into account many transitions!) 

1% error estimate comes from average of 15 measurements
Obtain line center to accuracy of width/(100 to 1000)
No specific problems known.

The electronic H-atom data
rp puzzle (3): Is H-spectroscopy wrong ?

rp from H spectroscopy: • 2S-2P transition in H (independent on R∞)
• two transitions n → n′ in H (⇒ rp and R∞)

2S1/2 -  2P1/2

2S1/2 -  2P3/2

2S1/2 -  2P1/2

1S-2S + 2S- 4S1/2

1S-2S + 2S- 4D5/2

1S-2S + 2S- 4P1/2

1S-2S + 2S- 4P3/2

1S-2S + 2S- 6S1/2

1S-2S + 2S- 6D5/2

1S-2S + 2S- 8S1/2

1S-2S + 2S- 8D3/2

1S-2S + 2S- 8D5/2

1S-2S + 2S-12D3/2

1S-2S + 2S-12D5/2

1S-2S + 1S - 3S1/2

Havg = 0.8779 +- 0.0094 fm
µp : 0.84184 +- 0.00067 fm

proton charge radius (fm)   
0.8 0.85 0.9 0.95 1

The maximal deviation from our result is ∼3σ

Systematics ∼ n3

ur ∼ 10−11 ⇔ linewidth/100

A. Antognini, PANIC11, MIT, Cambridge, USA 25.07.2011 – p.12

Plot from Aldo 
Antognini

Thursday, March 14, 13
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What are the possible origins of discrepancy?  
1.  Problems with experiments: either with µH, or with scattering and 

normal H. ?? 
2.  Problems with QED calculations, either in µH or eH ?? 
3.  A completely miscalculated “hadronic effect” in the two-photon 

proton polarization diagram ??  
… 
4.   May be some very new forces (= new physics) are at play that 
would have to be much weaker than EM and much stronger than EW. ?? 

	



More info on the whole issue can be found in the slides from a recent workshop: 
http://www.mpq.mpg.de/~rnp/wiki/pmwiki.php/Workshop/Talks 
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New physics explanations attempts 
Barger, Marfatia, Chiang, Keung; Tucker-Smith, Yavin;           

Batell, McKeen, MP; Brax, Burrage; Carlson, Winslow. 
 
Common features of these attempts: 
1.   If all experiments and SM calculations are to be believed, it got 

to be a new force, that differentiates between e-p and µ-p. 
1.  Light, e.g. ~10 MeV in mass, particles are involved as careers.  
2.  Typically one or more of other constraints require additional 

tuning (g-2 of the muon, neutron scattering) – and one has to 
“model-build” yourself out of trouble. 

3.  Except our paper nobody tried to actually see how such a new 
force would fit 

Nobody on this list would ever claim that these are very natural or 
believable models. At this point it is more of an intellectual exercise.  
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Huge progress in constraining “dark 
photon”(Jlab, Mainz, BaBar, KLOE… ) 

 

Recent summary of constraints: H. Merkel et al (Mainz) 

Almost all g-2 band is covered now – but there is an island left at ~30 MeV  

Harald Merkel, Dark Forces at Accelerators 2012, Frascati

Extended mass range (data taking 2012, preliminary)

Extension to lower mass region

Several beam energy settings

Lower mass limit: minimum angle between spectrometers
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“Dark photon” model cannot explain all 
discrepancies 

Dark photon model (Okun, Holdom) can explain larger rp measured in 
scattering compared to atoms. It cannot explain difference between rp 
extracted from normal and muonic H Lamb shift.     

So, the expected pattern for a dark photon model aligns apparent charge 
radii according to q2:   

rp(normal H)  <  rp (muonic H)  <  rp (e-p or µ-p scattering) 

However, what is observed is this pattern: 

rp (muonic H)  <  rp (normal H)  ~  rp (e-p scattering) 

One needs a new interaction, that distinguishes muons and electrons, for 
example, (µγνµ)(pγνp) or (µµ)(pp) with coefficient ~ 104GF 
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New U(1) forces for right-handed muons 
Batell, McKeen, MP, PRL 2011 – Imbeds a new force into SM 
Despite considerable theoretical difficulties to build a consistent 

model of “muonic forces” relevant for rp discrepancy, gauged 
RH muon number could be still alive:  

 
 
Main logical chain leading to this:  
1. Scalar exchange is disfavored because of the neutron scattering 

constraints, and meson decay constraints. (We need to revisit 
this in light of possible mu-D discrepancy) 

2. Vector force has to NOT couple to left-handed leptons – 
otherwise huge new effects for neutrinos. Then has to couple to 
RH muons, 
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Even more “ad hoc” model for muonic force  
For the sake of discussion, one can introduce a model with 

additional couplings for muons without caring too much of 
embedding it into the SM.  

 
  
 
 
 
Can one find gV and gA that will satisfy all constraints?  
(and forget for now about embedding it into SM) 
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is to investigate the status of the vector force in light of
the g−2 results for the electron and muon, and derive ad-
ditional constraints from the hyperfine structure of muo-
nium. As we will show, the presence of a parity-violating
coupling to the muon is a very likely consequence of such
models, and in light of that we calculate the two-loop
constraint on the parity violating muon-nucleon forces
imposed by ultra-precise tests of parity in electron sec-
tor. We believe that our analysis is timely, given the new
pieces of experimental information that will soon emerge
from the measurement of the Lamb shift in muonic deu-
terium, and from new efforts at making the hydrogen
measurements more precise.

Our approach to the new force is purely phenomeno-
logical, but at the same time it is important to realize
that the embedding of such new force into the structure
of the Standard Model is very difficult, and so far no fully
consistent models of such new interaction were proposed.
(The closest attempt, the gauged µR model of Ref. [14]
suffers from a gauge anomaly and thus must be regarded
as an effective model up to some ultraviolet scale, close
to the weak scale.) Therefore, even a phenomenologi-
cally successful model that would explain the rp discrep-
ancy and pass through all additional constraints should
be viewed at this point as an exercise, which can be taken
more seriously only if a credible Standard Model embed-
ding is found, or if the new force hypothesis finds further
experimental support.

This paper is organized as follows. In the next section
we introduce a model for an intermediate-range force,
and determine the parameter range suggested by the rp
anomaly. In Sec. 3 we calculate the one loop contribution
to the muonium hyperfine structure. Section 4 contains
the calculation of the two-loop transfer of the parity vi-
olation in the muon sector to electrons. Section 6 com-
bines all the constraints on the model, and we reach our
conclusions in Sec. 7.

2. INTERMEDIATE-RANGE FORCE

We will choose an entirely phenomenological approach
and allow for one new particle to mediate the new force
between muons and protons. Motivated by the model of
the “dark photon” [16], we assume that the new particle
mostly interacts with the electromagnetic current and,
in addition, has “extra” vector and axial vector coupling
to muons. The interaction Lagrangian for this choice is
given by

Lint = −Vν

�
κJem

ν − ψ̄µ(gV γν + gAγνγ5)ψµ

�

= −Vν

�
eκψ̄pγνψp − eκψ̄eγνψe (1)

−ψ̄µ((eκ+ gV )γν + gAγνγ5)ψµ + ...
�
,

where the last two lines describe interaction of Vν state
with the “main players” of relevance: electron, muon and
proton. We use positive e = (4πα)1/2, i.e. the charge of
the positron. The constant κ is the mixing angle between

the photon and Vµ. It is a safe assumption that this mix-
ing must be small. gV and gA are the new phenomenolog-
ical muon-specific couplings that are introduced in this
paper “by hand”.
The interaction via a conserved current, κJem

ν allows
for a UV completion via kinetic mixing, and is totally
innocuous. The muon-specific couplings gV and gA are
much more problematic from the point of UV comple-
tion. Notice that in parallel to the kinetic mixing type
coupling VνκJem

ν , there exists another “safe” coupling
via the baryonic current, Vν(ψ̄pγνp + ψ̄nγνn). The rea-
son we suppress it in this paper is because of the ex-
tra phenomenological problems it creates, chiefly among
which is the additional O(10-100 fm) range force for the
neutrons - a possibility that is very constrained by the
neutron scattering experiments. It may look strange that
the new force introduced in (1) includes parity violation
for muons. In fact, as we will see shortly, the gA coupling
is necessary to cancel the excessive one-loop contribution
to the muon g − 2 generated by the gV .
Having formulated our starting point with the La-

grangian in Eq. (1), it is easy to present a combination of
couplings that “corrects” for the current rp discrepancy.
It is easy to see that the choice of the same sign κ and
gV /e will create an additional attractive contrbution be-
tween protons and muons. It will be interpreted as the
difference between charge radii observed in the regular
and muonic hydrogen:

∆r2
��
µH

− ∆r2
��
H
= −6κ(κ+ gV /e)

m2

V

+
6κ2

m2

V

= −6κ(gV /e)

m2

V

(2)

� −0.06 fm2 × (20 MeV)2

m2

V

× κ

(3× 10−6)1/2
× gV /e

0.06

Here we explicitly assume that the momentum transfer
in the µH system, αmµ, is smaller than the mass of the
mediator, mV . In the second line we have normalized
the coupling in such a way as to factor out the size of
the suggested correction for rp, which corresponds to a
relative shift of the squared radius of 0.06 fm2. At the
same time, we have normalized mV and κ on their values
that correspond to the borderline of the constraint that
comes from combining the electron g − 2 measurement
with QED theory and the independent atomic physics
determination of α.
Equation (2) makes clear the fact that given the strong

constraints on κ and mV , only relatively large values for
the muon-specific coupling gV are capable of correcting
the rp anomaly. At the same time, it is clear that the
muon g − 2 value will be in conflict with gV ∼ 0.06 un-
less there is a significant degree of cancellation between
g2V - and g2A-proportional contributions. Fortunately, such
contributions are of the opposite sign and the possibility
of cancellation does exist. Moreover, since in the limit of
mV � mµ the contribution of the axial-vector coupling
to anomalous magnetic moment aµ is parametrically en-
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Summary of constraints on gV , gA 
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As expected, rather small values of the axial-vector
couplings, gA � gV , are capable of adjusting the muon
g − 2. However, it must be noted that despite the possi-
bility of cancellation, the values of gA are finely tuned to
the values of gV . In other words, to every point in the up-
per band on Fig. 4 there is exactly one in the lower band
in correspondence. The degree of fine-tuning is relatively
modest at low values of mV (e.g. ∼ 5% at mV = 3 MeV)
but quickly becomes rather extreme as we move along
the mV axis towards larger values (∼1 part in 1000 at
mV = 30 MeV).

Besides gV and gA bands, Fig. 4 also pictures three
exclusion lines: atomic PNC constraint on gA and muo-
nium hfs and the combination of muonic Mg and Si con-
straint on gV . The muonium hfs and the PNC constraints
are given by Eqs. (8) and (12), while for the muonic Si
and Mg we take the weighted mean of the results from
Ref. [29] and allow for the 2σ deviation,

����
∆E3d−2p

E3d−2p

���� < 6.2× 10−6
. (26)

Muonium hfs constraint proves to be rather stringent,
and disfavors all otherwise acceptable values ofmV above
25 MeV. Notice that while ∆Ehfs scales inversely pro-
portional to mV , the constraint line is nearly horizontal
because of the κ ∼ mV choice from Eq. (23). Atomic
PNC disfavors some higher values of gA, but overall does
not ”squeeze” the parameter space further. Muonic Mg
and Si are an important constraint, recognized by many
groups before [12–14]. It reduces the allowed parame-
ter quite significantly, but is unable to close it. (Around
mV ∼ 10 MeV, for example, the model can still be con-
sistent with all the constraints at ∼ 2σ.)

7. DISCUSSION AND CONCLUSIONS

By combining all the constraints, we can assess the
phenomenological status of the model with a new ”dark
photon” type vector force with additional couplings to
the muon. Our main conclusion is that the model de-
signed to ”remove” ∆r2p anomaly survives current gen-
eration of the constraints, but barely. The g − 2 of the
muon requires some fine tuning of the vector and axial-
vector coupling. The tuning is minimized in the mass
region of very light, mV < 10 MeV, mediators, and it is
logical to conclude that this is the preferred mass range
for the model.

We provide some further comments below.

• The fact that muonic hfs turns out to be rather
constraining is encouraging, giving the fact that a
new generation of experiments is being planned.
(Refs?)

• The two-loop mediated atomic PNC contribution
was not able to rule out models with very small

gA s.
t. �g�2�Μ�2ΣBR�W�ΜΝV��2�

gV s.t. rp
�2Σ

Muonium HFS

QW�133Cs�

ΜMg
, ΜSi

0 10 20 30 40 5010�5

10�4

0.001

0.01

mV �MeV�

g V
,g

A

FIG. 4. Parameter space of the model, when κ and mV are
choosen to saturate the ae constraint. Two bands represent
the allowed values for gV and required values for gA. Gray
shaded regions are the constraints imposed by the muonium
hfs and the muonic Si and Mg.

gA. However, they present unsurmountable chal-
lenge for models with large gA, and in particular
they rule out gauged µR model of Ref. [14] as pos-
sible ∆r2p explanation on account of gV = gA.

• The results of the muonic deuterium Lamb shift
measurements are about to be released soon by the
same group that measured µH. Together with the
isotopic shift constraints and accurate theoretical
calculations of deuterium polarization, this mea-
surement will be able to shed some additional light
on the internal self-consistency of the results. In
the speculative world of new physics models, it will
provide extra invaluable information on whether
an additional coupling of new forces to neutrons
is warranted.

• It is worth emphasizing that the new muon-proton
scattering experiment at PSI, MUSE, [15] may not
detect the presence of the new muon-specific force
if the mediator mass is small. Indeed, the experi-
ment will use the momentum transfer O(100) MeV,
which is larger than the preferred mediator mass
range. Consequently, the measured charge radius
of the proton in the muon-proton scattering may
not differ from e − p result despite possible pres-
ence of a new force.

• Direct production of new particles with their subse-
quent decay to electron-positron pairs may be effi-
ciently searched with the muons in the initial state,
simply because of the realtively large size of gV .

Notice that small gA is required to tune away g-2 of the muon. (Axial 
vector contribution to g-2 is enhanced by (mµ/mV)2. ) Values of coupling 
κ chosen at the border-line of g-2 of electron constraint. 
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Most uncomfortable constraint of all !! W decay  

5

Fig. 3) will lead to an asymmetry in muon pair produc-
tion cross section by longitudinally polarized electrons,

σL − σR

σL + σR
∝ κgA. (16)

While the rate for such a process is rather low, new high
intensity polarized electron beam facilities can conceiv-
ably be used to search for such an effect.

muon pair

e

p

V

gA
gA

FIG. 3. Typical representatives of the muon pair production
by the electron-proton collision due to a new force. The parity
violation will come about due to the presence of gA vertex in
the interference with the pure QED diagrams.

5. W DECAYS

When gV �= gA the decay W → µνV can proceed and,
in fact, will give a very strong constraint on the model.
In the limit that gV � gA, as implied by (g − 2)µ, the
rate for this is, to leading order in mV /mW and mµ/mW ,

Γ (W → µνV ) =
g2V

512
√
2π3

GFm5

W

m2

V

(17)

= 1.74 GeV
� gV
10−2

�2
�
10 MeV

mV

�2

.

(18)

This should be compared against the current experimen-
tal value for the W width, dominated by measurements
at the Tevatron,

ΓW = 2.085± 0.042 GeV. (19)

Given the agreement of this with SM expectations for
W → �ν and W →hadrons, we limit the contribution of
the µνV mode to the W width to twice its error, leading
to a branching

B (W → µνV ) < 4.0% (20)

at 2σ. This translates to a limit on the coupling of V to
muons of

gV < 2.2× 10−3

� mV

10 MeV

�
. (21)

6. COMBINATION OF ALL CONSTRAINTS

Having completed the preliminary work with muonium
hfs and atomic PNC, we are now ready to compile the
constraints on the parameters of our model. Before we do
that, it is useful to recall that our model has four param-
eters, {mV , κ, gV , gA}, which enter in the observables
in the following combinations,

ae[mV ,κ
2]; aµ[mV , (eκ+ gV )

2, g2A];

∆r2p[mV ,κgV ]; ∆Ehfs[mV ,κ(eκ+ gV )]; (22)

∆QW [mV ,κgA]; ∆EµMg(Si)[mV ,κ(eκ+ gV )]

The last entry here is the constraint imposed by the
agreement of the measured 2p−3d transition frequencies
in muonic magnesium and silicon with the corresponding
QED predictions [29].
Besides the indirect constraints on the model via ef-

fects induced by virtual V , there are, of course, direct
constraints from the production of V with subsequent
decay into e+e− pairs. Thus, searches for unexpected
spikes in the invariant mass of pairs impose additional
constraints on κ. The latest compilations (latest ref?)
show that below mV of 40 MeV, which is the region of
the most interest for us, g−2 of the electron still provides
the dominant constraints.

In order to present our results in the most concise form,
we choose to saturate the constraint coming from g − 2
of electron combined with atomic determination of α.
Taking the 2σ constraint on the maximal deviation of ae
(see, e.g., [30]), we arrive at maximum allowed κ for a
given value of mV , Currently, this constraint is given by

|∆ae| ≤ 1.64× 10−12 =⇒ |κ|max = 1.8× 10−3
mV

20 MeV
.

(23)
The latter equation is valid in the scaling regime mV �
me, but we do not assume it for our numerical treatment.
Using this value of κmax, we determine the required

value for gV , capable of fixing the ∆r2p discrepancy ac-
cording to Eq. (2). Specifically, we require that the new
physics effect interpreted as ∆r2

��
µH

− ∆r2
��
H
is bounded

by 2σ of the CODATA value,

− 0.081 fm2 ≤ ∆r2
��
µH

− ∆r2
��
H
≤ −0.045 fm2. (24)

This creates the preferred value for gV , pictured as an
upper band in Fig. 4. For definitiveness we took κ to be
positive, and for our numerical treatment do not assume
αmµ � mV .
As already stated, such values of gV are in contra-

diction with the muon g − 2 constraints. Requiring the
axial-vector and vector contributions to cancel within the
2σ band around the experimental mean,

1.27× 10−9 ≤ ∆aµ(gV + eκ) +∆aµ(gA) ≤ 4.47× 10−9,
(25)

we plot the required values of |gA| as the lower band in
Fig. 4.

•  We insisted on no couplings of V to neutrinos and gV >> gA. This is 
equivalent to charge non-conservation in processes with production 
of µνµ pairs via weak processes.  

•  One should expect (E/mV)2 enhancement for generic values of gV,A 
and (mµ/mV)2 enhancement for gV = gA. 

 

•  It is a huge effect, underscoring the necessity to deal with 
embedding of a new force within SM. Model with pure RH current 
escapes this most uncomfortable constraint. One needs a proper 
embedding into SM representations – otherwise nonsense at high 
energy. 
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FIG. 4. Typical representatives of muon pair production by
electron-proton collision due to a new force. The parity vio-
lation will come about due to the presence of the gA coupling
in the interference with the pure QED diagrams.

neutrinos are uncharged under the new force, due to the
fact that their interactions are well-known and do not
have any room for O(GF ) new physics effects, let alone
stronger-than-GF effects as suggested by the rp discrep-
ancy. We also do not assume any direct coupling of V
to W -bosons other than via the kinetic mixing κ. It is
then clear that the SM charged current processes accom-
panied by the emission of the light vector boson V from
the muon line will be drastically different from a similar
process with an emission of a photon. In particular, the
interaction of the longitudinal part of the V boson will
be enhanced with energy due to the absence of the con-
servation of the corresponding current. As pointed out in
Refs. [30, 32, 33], direct production of V from muons in
K → µνV decays can be enhanced by a factor of m2

µ/m
2
V

for the V +A current, and even more for the V −A cur-
rent. In the latter case it is advantageous to study very
high-energy processes (see e.g. Ref. [31]), where the en-
hancement can scale as (Energy)2/m2

V .

One of the best known charged current processes is
the leptonic decay of W boson. When gV �= gA (in other
words, when the coupling of V boson to the left-handed
muon is not zero) the decay W → µνV will be enhanced
by m2

W /m2
V , with the onset of an effectively strong cou-

pling when (gV − gA)mW /mV >∼ 1. Since this parame-
ter is indeed larger than one for the interesting part of
parameter space, one should expect a very strong con-
straint on the model. Carrying out explicit calculation
in the limit of gV � gA, as implied by (g − 2)µ, and to
leading order in mV /mW and mµ/mW , we arrive at

Γ (W → µνV ) =
g2V

512
√
2π3

GFm
5
W

m2
V

(20)

= 1.74 GeV
�

gV

10−2

�2
�
10 MeV

mV

�2

.

Because of the prompt decay of V to an electron-positron
pair, and the small value of mV , this decay will be sim-
ilar to W → µνγ. In any case, the additional channel
leads to the increase of the total W width. The contri-
bution in Eq. (20) should be compared against the cur-
rent experimental value for the W width, dominated by

V

µ

ν

W

gV − gA

FIG. 5. Diagram that leads to the decay W → µνV .

measurements at the Tevatron [38],

ΓW = 2.085± 0.042 GeV. (21)

Given the agreement of this with SM expectations for
W → �ν and W →hadrons, we limit the contribution of
the µνV mode to the W width to twice its error, leading
to a branching

B (W → µνV ) < 4.0% (22)

at 2σ. This translates to a limit on the coupling of V to
muons of

gV < 2.2× 10−3
�

mV

10 MeV

�
. (23)

It is clear that a large correction to W decay is an
example of strong high-energy constraints resulting from
the lack of the consistent SM embedding of the starting
point in Eq. (4). There are other processes that can be
equally problematic for such models. For example, inser-
tion of the virtual V line into the µν loop in the W self-
energy diagram will result in the shift of mW and will
impact the very precisely measured ρ-parameter of the
electroweak theory. Since the lack of the full SM gauge
invariance, one should expect a power-like sensitivity to
the UV cutoff in such theory, which is even stronger en-
hancement than m2

W /m2
V . Thus, indeed, these examples

show an utmost need for a consistent SM embedding at
the level of the very starting point (4).

6. COMBINATION OF ALL CONSTRAINTS

Having performed the required calculations of the muo-
nium HFS, atomic PNC, and W decays, we are now
ready to compile the constraints on the parameters of
our model. We separate all constraints into low-energy
and high-energy ones.
Addressing the low-energy constraints first, it is use-

ful to recall that our model has four parameters,
{mV , κ, gV , gA}, which enter in the observables in the
following combinations,

ae[mV ,κ
2]; aµ[mV , (eκ+ gV )

2
, g

2
A];

∆r
2
p[mV ,κgV ]; ∆Ehfs[mV ,κ(eκ+ gV )]; (24)

∆QW [mV ,κgA]; ∆EµMg(Si)[mV ,κ(eκ+ gV )]
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Other possibilities?? 
Project with Eder Izaguirre and Gordan Krnjaic, 

to appear next month 
 §  How about the scalar force – call it φ –  that provides e-p 

repulsion and fixes  rp discrepancies at least between normal H 
and µH?  

§  Couplings will be very small, and the mass will be small,         
O(200 keV), yeyp /e2 ~ - 10-8.  

§  This turns out to be somewhat of a blind spot in terms of 
constraints  

§  Our proposal: use small underground accelerators coupled with 
large scale detectors such as Borexino, Super-K etc… Up to ~ 
20 MeV kinematic reach is available due to nuclear binding. 

§  Use of nuclear reactions and scintillator or water Cerenkov 
detectors provide direct sensitivity to the product yeyp 
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O(0.5 MeV) scalars with O(10-4) couplings – an 
unexpected blind spot   

1.  No tree level FCNC, and too weakly coupled to be killed by 
loop effects in flavor. Too weakly coupled to be excluded by 
e.g. LSND 

2.  Too heavy to be produced in regular stars thermally – no strong 
energy loss constraints. 

3.  Too strongly coupled to matter and not coupled to neutrinos – 
thermalized during the SN explosions. No energy loss, no effect 
on neutrino spectra.  

4.  Being produced inside the Sun in the pp chain, particles can get 
absorbed/decay before exiting the Sun.  

5.  In cosmology, such particles give negative shift to Neff  , and are 
“gone” before the main sequence of BBN reactions begins. 



21 

Cosmological “effective” Neff 

 

4

FIG. 1. (Color online) The left panel shows N0
eff as a function of the WIMP mass for electromagnetically coupled light WIMPs

in the absence of equivalent neutrinos. From bottom to top, the solid red curve is for a Dirac WIMP, the dashed green curve
is for a complex scalar, the solid black curve is for a Majorana fermion, and the dashed blue curve is for a real scalar. The
horizontal, red/pink bands are the Planck CMB 68% and 95% allowed ranges for Neff . The right panel specializes to the case
of a Majorana fermion WIMP, showing Neff as a function of the WIMP mass for ∆N∗

ν equivalent neutrinos. The solid curve is
for ∆N∗

ν = 0, the short-dashed curve is for ∆N∗
ν = 1, and the long-dashed curve is for ∆N∗

ν = 2. The horizontal red bands are
the Planck CMB 68% and 95% allowed ranges for Neff , including baryon acoustic oscillations in the CMB constraint. (After
Figs. 7 and 8 of Ref. [13].)

with ∆N
∗
ν = 2 in the presence of a sufficiently low-mass WIMP, and more massive light WIMPs (mχ

>∼ 10MeV)

are excluded for ∆N
∗
ν
>∼ 1. For a Majorana fermion WIMP that couples electromagnetically, depending on its mass,

−0.2 <∼ ∆Nν
<∼ 2.5 is allowed by the CMB.

2

The corresponding results for the contrasting case of a light WIMP that couples only to neutrinos are shown in

Fig. 2. In the neutrino coupled case, −0.2 <∼ ∆Nν
<∼ 0.8 is allowed by the CMB, depending on the WIMP mass. It

is clear from the discussion here that the CMB – alone – is insufficient to break the various degeneracies among mχ,

∆Nν , and Neff . However, since the presence of a light WIMP (and equivalent neutrinos) will also affect the early

Universe energy and entropy densities before, during, or immediately after primordial nucleosynthesis, BBN provides

an independent probe which may help to break some of the degeneracies. Here, the changes to standard BBN (SBBN:

no light WIMP, ∆Nν = 0) in the presence of a light WIMP and ∆Nν equivalent neutrinos are investigated. The

BBN and CMB (Planck [22]) constraints are compared in a joint analysis, leading to lower bounds to mχ and, to

best fits and 68% and 95% ranges for Neff , ∆Nν , and the baryon density parameter, ΩBh2 ≡ η10/273.9, where the

baryon-to-photon ratio is η ≡ (nB/nγ)0 = 10
10η10.

In the analysis here, the key connection among Neff , ∆Nν , and mχ is

Neff(mχ, ∆N
∗
ν) ≡ N

0
eff(mχ)(1 +∆N

∗
ν/3) , (4)

where N
0
eff ≡ 3[(11/4)(Tν/Tγ)

3
0]

4/3
depends on the nature and interactions of the WIMP, along with the WIMP mass.

In our further discussion, the superscript “∗” in ∆Nν is (usually) suppressed with the understanding that ∆Nν need

not be an integer or an integer multiple of 4/7. For the specific case of a sterile neutrino, it is assumed that ∆Nν = 1.

2 In principle, the number of equivalent neutrinos should be non-negative, ∆Nν ≥ 0, since it is known that the three SM neutrinos mix
thoroughly before and after they decouple (e.g., Refs. [19, 25, 26]). In the subsequent analysis ∆Nν < 0 is allowed and compared to
the results where a prior is imposed, restricting the number of equivalent neutrinos to ∆Nν ≥ 0. In fact, it is found that ∆Nν < 0 is
marginally disfavored when any CMB constraint is included.

9

FIG. 4. (Color online) The four panels show the BBN yields of
4
He (upper left), D (upper right),

3
He (lower left), and

7
Li (lower

right) as a function of the WIMP mass, mχ, for ΩBh
2
= 0.022 and ∆Nν = 0. Solid curves show results for fermionic WIMPs

(red for Dirac, black for Majorana) and dashed curves show results for bosonic WIMPs (green for a complex scalar, blue for a

real scalar). In the upper left and lower right panels, the curves in region III are from top to bottom, Dirac fermions, complex

scalars, Majorana fermions, real scalars. In the lower left and upper right, the sequence is reversed. The
4
He abundance is

shown as a mass fraction YP, and the other abundances are shown as ratios by number to hydrogen.

understanding the results and the parameter constraints they provide, the yields for fermionic and bosonic WIMPs
are shown as functions of mχ for ∆Nν = 0 and the CMB value of ΩBh2 in Fig. 4.

Similar results may be found in the prior literature [1, 2, 21]. The results here are in excellent agreement with
those presented in Ref. [21]. They are in fair agreement with those shown in Ref. [1], the latter having been computed
in 1986 with different rates and a much lower adopted value of ΩBh2. There is a small, but real disagreement with
Ref. [2] (and between Refs. [2] and [1]) in the middle mass range of each graph, including the entire region between

From Nollett, Steigman 2013; scalar - blue curve.  Neff of 2.5 is probably 
still OK, and if not it is easy to arrange a positive contribution to Neff 
(e.g. new neutrinos.) 
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What are underground accelerators ??? 
§  Built for the needs of measuring rare reactions in nuclear 

physics. Relatively cheap. Example: LUNA at LNGS. 
§  Using proton of 3He on targets with energy < 0.5 MeV, and in 

the future up to 3 MeV.  
§  Located in the cleanest possible environments.  
§  Other projects in the works (DIANA) at Sanford Lab. 
 
 
Future Luna MV 

Luna 400 keV 
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Main idea schematically 

9
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Potential problem: nuclear reactions can liberate some neutrons (e.g. via 
19F +α à 22Na +n), and there are stringent requirements on not 
increasing n background at the location of DM experiments. 



24 

Production stage; candidate reactions 
 
§  T + p à 4He + γ ;  
Up to 20 MeV mass can be explored, production x-section: ~10µbn.  
§  15N + p à 16O + γ      (7Li + p à 8Be + γ; 11B + p à 12C + γ…) 
Very similar; was studied by LUNA before. 
§  Photon-less reactions leading to excited nuclear states. Whenever 

you can emit gamma, you can emit scalar particle. 
6Li + 3He à 8Be* +p 

19F + p  à 16O* + 4He, … 
§  Reaction cross sections in 10’s of milli-barn. 
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19F + p  à 16O* + 4He is the best candidate! 
 
§  19F + p  à 16O + 4He populates the first excited 6.05 MeV state 

of oxygen. Cross sections are in ~ 20 mbn range [i.e. not small].  
§  Normal decay of O(6.05 MeV) is due to 0+ à 0+ transition with 

the emission of electron-positron pair. Very suppressed. 	


§  The enhancement of the branching is 	

 	

 	



	

Br[O(6.05) à O(g.s.) + φ]=3600*(yp
2/e2) 

 

O(6.05)  O(g.s.)    O(6.05)  O(g.s.) 
 
6.05 MeV is in the “cleanest” region of Borexino – no 208Tl 
background. 	



electron 

positron 

φ 
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Calculation of the production rate 
 
§  At E ~ MeV, nuclear reactions are improbable as Coulomb 

stopping is more efficient. Probability is given by 
 
 
 
§  For p on 19F reaction, we calculate the probability of exciting 

6.05 MeV oxygen state as P(3 MeV) = 6 × 10-6.  

§  With achievable currents on the order of ~ 10 mAmp,  
the                Production Rate = (yp/e)2 × 1015 Hz.  

1

p2µ −
(p2µ)

2

Λ2

=
1

p2µ

− 1

p2µ − Λ2
(16)

1

ω2 − �p2 − �p6

Λ4
HL

(17)

Leverything = LSM+gravity + Linflation +
1

2
(∂µa)

2
+

a

2fa
FµνF̃µν (18)

ψ =
a1 − a2

fa
(19)

�EE� → �BB�; �TB� = �EB� = 0 (20)

L = −1

4
V

2
µν +

1

2
m

2
V V

2
µ + κJ

EM
µ Vµ (21)

�P = ∇S + curl �V (22)

ω
2 − �k

2 ± da

fadt
|�k| = 0 (23)

∆ω± = ± da

fadt
(24)

P (E0) =

� E0

0

dE
σnucl(E)ntarget

|dE/dx| (25)

Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

3



Advantage of being clean…	


§  If new particle is stable on 

the scale of underground 
Lab, it will fly into e.g. 
Borexino etc causing e +φ 
à e + γ , and releasing O
(6-20) MeV energy 
depending on the reaction. 	



§  In the cleanest 
experiments, e.g. 
Borexino, above 5 MeV 
there is no 208Tl events, 
and  the background for 
this search are only 8B 
neutrinos.	
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3

pseudocumene buffer which shield the scintillator from
γ-rays and neutrinos from the periphery of the detec-
tor. The scintillator and buffer are contained in a 13.7
m diameter Stainless Steel Sphere (SSS) on which 2212
photomultipliers (PMTs) are mounted to detect scintil-
lation from events inside the IV. The SSS is immersed in
a water-Čerenkov muon detector.
In Borexino, charged particles are detected through the

scintillation light they produce in the liquid scintillator.
The energy of an ionizing event occurring in the scintil-
lator is converted to scintillation light and is quantified
by the total light collected by the PMTs. To good ap-
proximation, the measured light depends linearly on the
energy released in the scintillator and the energy resolu-
tion is scaled as 5%/

√
E[MeV].

The detector energy and spatial resolution were stud-
ied with radioactive sources placed at different positions
inside the inner vessel [57]. For energies >3 MeV of inter-
est for this work, the energy calibration was performed
with an 241Am-9Be neutron source [49, 50]. The position
of an event is determined using a photon time of flight
reconstruction algorithm. The position resolution mea-
sured using the 214Bi-214Po β − α decay sequence, is 13
cm [48].

B. Data selection

The measured Borexino energy spectrum in the 0-15
MeV range from 1192.0 live-days of data and with dif-
ferent selection cuts is shown in fig.2. Below 3 MeV the
spectrum is dominated by 2.6 MeV γ’s from β-decay of
trace 208Tl in the PMTs and in the SSS.
The first cut on the raw data filters out events occur-

ring within 2 ms of muons crossing the entire detector
(curve 2, Fig.2). Muons are identified by the outer de-
tector, by the specific mean time of PMT hits when they
cross the SSS and on the time corresponding to the maxi-
mum density of hit PMTs. This timing cut rejects resid-
ual muons that were not tagged by the muon detector
and that interacted in the pseudocumene buffer region
[53].
To remove muon-induced background due to short-

lived isotopes (1.1 s 8B, 1.2 s 8Li, etc [50]) and signif-
icantly reduce that from 11Be (τ = 19.9 s), an additional
20 s veto is applied after each muon crossing the SSS
(curve 3, fig.2). This cut has a dead time of 745.8 days
and brings the live-time down to 446.2 days.
A software fiducial volume cut is needed in order to

suppress external radiation background. Curve 4 of fig.2
shows the effect of selecting a central 100 ton fiducial vol-
ume (FV) by applying a radial cut R ≤ 3.02 m. Finally,
an α−β selection cut based on pulse shape-discrimination
performed with the Gatti optimal filter [58] is applied.
Only events with negative Gatti variable (correspond-
ing to γ- and β-like signals) are selected [48]. Since the
energy of α particles is highly quenched in liquid scintil-
lator, this cut has no effect on the spectrum for energies
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FIG. 2. Energy spectra of the events surviving incremental
selection cuts. From top to bottom: (1) raw spectrum; (2) 2
ms post-muon veto cut; (3) 20 s after muons crossing the SSS
cut; (4) FV cut. See text for details.

higher than 4 MeV.

III. NEUTRINO FLUXES AND THE
e+e−-SPECTRA

Here we report on the search for heavy neutrinos pro-
duced in 8B decays in one of the side branches of the
pp fusion reaction chain in the Sun. The decay, 8B →
8Be + e+ + νH , is a variant of the standard decay with
a left-handed light neutrino. In Borexino the search is
performed by comparing the measured energy spectrum
with that expected from νH -decays. The latter requires
the knowledge of the heavy neutrino flux Φ(Eν) through
the detector, of the kinetic energy of the e+e− pairs pro-
duced (eq. I), and the response function of Borexino to
energy released by e+e− pairs in the scintillator.
The emission of a heavy neutrino in the β+-decay of

8B is suppressed by the mixing parameter |UeH |2 and a
phase-space factor as:

Φ(EνH ) = |UeH |2

√

1−

(
mνH

EνH

)2

Φ8B(Eν) (3)

where EνH is the total energy of the heavy neutrino. We
use the neutrino spectrum from 8B decay Φ8B(Eν) given
in [59]-[61].
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Scattering rate 

§  Scattering rate is readily computable, with cross sections 
	

 	

σ (e + φ à e + γ)  ~  (ye/e)2 × σ Compton 

   In Borexino [that has good energy resolution] all events are 
recorded and will appear at 6 MeV. In Super-K, only the most 
energetic electrons > 4-5 MeV can be detected.  

3

Sanford Underground Research Facility (SURF) has cur-
rent plans to host the Dual Ion Accelerators for Nuclear
Astrophysics (DIANA), which are expected to be capa-
ble to deliver 10-100 mA 3 MeV proton beams. SURF is
also home to the Large Underground Xenon (LUX) ex-
periment, which despite its smaller volume compared to
Borexino and Super-Kamiokande, could be sensitive to
new sub-MeV states.

LUNA/Borexino

The LUNA accelerator [9] at the underground Labo-
ratori Nazionali del Gran Sasso (LNGS) can deliver mA
currents of MeV scale proton energies [10]. The main re-
sults in this Letter assume a target which is not currently
used by the LUNA experiment, but is advantageous be-
cause it features a nuclear reaction where a new physics
signal could see an enhancement over the corresponding
SM rate: protons impinging on a Fluorine rich target
(e.g. C3F8) can trigger the reaction p+19 F → α+16O∗,
followed by the de-excitation process in Eq (2). In the
main results in Fig. 2 we show a realistic scenario assum-
ing the existing 400 MeV accelerator, in addition to an
optimistic scenario where a 3 MeV beam is used.

Since the rate for producing α nuclei in Eq. (5) is un-
suppressed by �, they are produced in each reaction and
can yield neutrons in their collisions with other parti-
cles inside the target. Copious neutron production is
disfavored in a large underground laboratory as it con-
taminates with nearby low-background experiments with
potential backgrounds. For a 500 µA proton beam inci-
dent on a C3 F8 target, we estimate the neutron yield
from secondary α+19F → 23Na + n reactions to be ∼
2/s, so this is of no concern at LNGS, which can accom-
modate 103/s, but may be a consideration under different
production conditions.

Super Kamiokande

The Super Kamiokande (SuperK) detector [11] located
in Kamoika contains a 50,000-ton water cerenkov detec-
tor 39 m in diameter and 42 m tall. In the main result of
this Letter we show the expected sensitivity of a poten-
tial experiment at the Kamioka Observatory, assuming a
3 MeV beam delivering a 10 mA proton current against
a C3F8 target. The accelerator is assumed to be 10 m

away from the Super-Kamiokande detector so as to ben-
efit from the large acceptance volume.

IV. OTHER CONSTRAINTS

LSND

The LSND measurement of the elastic electron-
neutrino cross section [3] is also sensitive to light scalars

8
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FIG. 9: a) χχ̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or off-
shell) and b) χ scattering off a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming χ resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 3: Leading order Feynman diagrams contributing to
electron scattering via φ capture in a large underground de-
tector.

that induce electron scattering via the process depicted
in Fig. 3. This analysis has previously been used to
constrain new particles produced in π0 decays to dark
sector states including kinetically mixed photons V via
π0 → γV [12]. In our scenario, a scalar φ cannot be
produced from pseudoscalar π0 decays from the leading
order processes that yield kinetically mixed photons, so
the dominant process is π− absorption via π−p → nφ.
The analogous SM process π−p → nγ has branching
ratio ∼ 35% [? ], so we approximate the φ branching
with ∼ �2 × 35%. The π− production rate at LSND
is roughly 10% of the π+ production [], which implies
∼ 1022 π− for the exposure in [3]. Assuming isotropic φ

emission and the scattering cross section in Eq. (8) with
Q → mp+mπ− −mn, and the cuts from this analysis, we
obtain a roughly flat bound �2 ∼< 10−8 for mφ < MeV as
shown in Fig. 2. This sensitivity exceeds even the bounds
from (g − 2)e from [13], which only imply �2 ∼< 10−7

over this mass range, assuming mass weighted couplings
gp = (mp/me)ge; for ge = gp, the bounds (g − 2)e are
comparable to those set by LSND.

Solar Production

For mφ < 2me and in the absence of couplings to neu-
trinos, the only scalar decay mode is φ → γγ through
triangle loops of fermions f , so the width is

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf

mf
NcQ

2
fA1/2(τf )

����
2

, (9)

where Qf is the fermion charge, τf ≡ m2
φ/4m

2
f , and

A1/2(τ) =





arcsin

√
τ , τ ≤ 1

− 1
4

�
log 1+

√
1−τ−1

1−
√
1−τ−1 − iπ

�2
, τ > 1

(10)

If this decay mode is sufficiently long lived, φ particles
produced in solar p + d →3He + φ reactions can reach
the Earth and deposits electromagnetic energy inside the
Borexino detector.
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Sensitivity plot 
§  6.05 MeV is in the “cleanest” region of Borexino – no 208Tl 

background. rp relevant region (at the boundary of g-2) can be 
fully covered.	
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FIG. 2: Sensitivity projection for a light scalar produced in

p+19
F → (

16
O

∗ → 16
O+ φ) + α reactions with 10

25
protons

impinging on a a C3F8 target located 10 and 100 m away

from the Borexino detector and 10 m away form the Super K

detector. Additional constraints are from a Borexino solar-

axion search [2], the LSND measurement of electron-neutrino

elastic scattering [3], and stellar cooling bounds from [4]. For

the solar and red giant bounds, we assume gp = (mp/me)ge
in computing the φ → γγ width in Eq. (10), but our results

are insensitive to this choice are are qualitatively unchanged

for gp = ge.

II. PRODUCTION AND DETECTION

We consider a light scalar particle whose interactions
with protons and electrons can be written as

Lφ =
1

2
(∂µφ)

2 − 1

2
m2

φφ
2 + (gep̄p+ geēe)φ , (1)

and we define �2 ≡ (gegp)/e2 for future convenience. For
sufficiently light masses, φ can be produced in the atomic
de-excitation of the 0+ state

16O∗ → 16O+ φ , (2)

with energy release Q = 6.05 MeV. In the SM, the dom-
inant de-excitation channel 16O∗ → 16O+ γ has lifetime
τγ = 96±7 ps [5], so the relative branching to new physics
can be greatly enhanced. In the mφ � Q limit, the
branching ratios satisfy

Brφ
Brγ

=
8π�2Q5

α b(s)(Q− 2me)3(Q+ 2me)2
� 4× 103 �2, (3)

where we define

b(x) =
3π

8

�
1− x

4
− x2

8
+

x3

16
− x4

64
+

5x5

512

�
, (4)

with s = (E−2me)/(E+2me). The SM rate is computed
following the conventions in [6].

The excited state 16O∗ can be efficiently produced at
low-energy (∼ MeV) accelerators that currently operate

in underground laboratories. A promising candidate re-
action is

p+19F → 16O∗ + α . (5)

We model the production cross section as σ(E) ≡
σ0f(E), where σ0 = 18 mb [7, 8] and f(E) accounts
for Coulomb repulsion in the E < E0 ≡ 1.5 MeV regime
where

f(E < E0) =

�
E0

E
exp

��
Eg/E0 −

�
Eg/E

�
, (6)

Eg = 2π2α2Z2
pZ

2
Fµ = 45.5 MeV [? ] is the Gamow

energy and µ is the proton-fluorine reduced mass; nor-
malization ensures continuity at f(E ≤ E0) = 1, where
repulsion is negligible.
The signal yield for a proton beam of energy EB and

target material of Flourine number-density nF

Nφ = nF

� EB

0
dE

σ(E)

|dE/dx| , (7)

and |dE/dx| for Fluorine is taken from []. Unless the
target material is very thin, the final state 0+ will scat-
ter frequently off nearby targets, so the φ produced in
transitions to the ground state will emerge isotropically.
The lab-frame electron recoil distribution in the mφ �

me limit is

dσ

dE
=

π�2α2(E −me)

meQ4(Q− E +me)2

�
E(Q2 − EQ− 2meQ

− 2m2
e) +me(3Q

2 + 3Qme + 2m2
e)

�
, (8)

where E is the electron recoil energy, Q is the energy
released

III. FACILITIES

The strategy outlined in this Letter benefits from two
essential ingredients relating to production and detec-
tion of new weakly-coupled states. Firstly, a low energy,
intense proton or ion accelerator of the kinds normally
used to study nuclear astrophysics reactions where the
new mediator particle could be produced in appreciable
numbers. Secondly, a near-by large detector in which
the new state could be detected via absorption in the ac-
tive volume. To our knowledge, there is one facility that
fulfills these two requirements, namely the LNGS labo-
ratory in Italy, home of the LUNA accelerator and of
the Borexino detector. However, we note that there are
at least two other facilities which could be amenable to
the strategy proposed in this Letter. The Kamioka Ob-
servatory is home to the large Super-Kamiokande neu-
trino detector. Super-Kamiokande could be sensitive to
new sub-MeV states if a nuclear accelerator were to be
placed inside the Kamioka Observatory. Moreever, the



30 

Conclusions 
§  Measurement of Lamb shift in µH is very precise & discrepant by 7σ 

with expectations from rp measured in scattering and hydrogen 
spectroscopy à think about g-2, do not ignore this problem.  

§  New physics “explanations” are problematic because of ~104GF size 
of the effect – difficult to embed in the SM. Have to tune many 
observables (g-2 of the muon, possibly neutron scattering)… 

§  Very light scalar particle (~ 0.2-0.5 MeV), providing additional 
repulsion between protons and electrons is one of the logical 
possibilities that could help reconciling eH and µH results. 

§  Can be very efficiently searched for in underground accelerators as 
source of exotic particles and large clean detectors (Borexion, Super-
K, …). 

§  Many orders of magnitude in small coupling constants  
 can be covered…. 

§  It looks as reasonably cost-effective search.  


